D-Glucosamine (as N-acetyl-D-glucosamine) occurs in two major components of the cell wall of the budding yeast Saccharomyces cerevisiae. It is present as chitin in the bud scars that are formed on separation of the mother and daughter cells (3, 4) , and it also occurs in the mannan of the vegetative cell wall, where it links polysaccharide side chains to the protein backbone (27) . We demonstrate here that D-glucosamine is essential for the growth of S. cerevisiae because mutants can be isolated that fail to grow in its absence. In addition, we find that the synthesis of this hexosamine is determined by a single gene (denoted GCN1), which probably codes the primary structure of the enzyme L-glutamine:D-fructose 6-phosphate amidotransferase (EC 2.6.1.16).
Many of the D-glucosamine auxotrophs that we have isolated are defective in the ability to complete sporulation; they undergo meiosis and produce haploid nuclei within deformed and glusulase-sensitive ascospores. Thus, we describe a novel type of sporulation-defective mutant differing from those previously described that were defective in the premeiotic round of deoxyribonucleic acid (DNA) synthesis (24) or in the meiotic divisions (5, 7) . Sporulation of strains for tetrad analysis was performed on sporulation (SPOR) agar made from 2.5 g of yeast extract, 10 g of potassium acetate, and 20 g of agar per liter of distilled water. Incubations were at 30C.
General genetic techniques. Crosses were performed by mixing 18-h cultures of the parent strains on YEPD containing 1 mg of D-glucosamine per ml (YEPD-GN). Diploid clones were obtained by isolating zygotes 3 to 6 h after mixing the haploids. Sporulation was induced in the mating mixture by replica plating the mixture to SPOR agar after incubation for 18 h or in an isolated diploid clone by replica plating after incubation for 2 to 3 days. Asci were observed after a 3-day incubation of the culture on SPOR. Tetrad analysis was performed by using glusulase (Endo Laboratories) to digest the ascus wall. Complementation was determined among Dglucosamine auxotrophs by mixing 18-h cultures of opposite mating type on YEPD-GN and replica plating the mating mixture to YEPD after overnight incubation. The YEPD replicas were incubated at 30 C for 7 days and were observed periodically for the appearance of growth. A spot test for allelic recombination was performed by replica plating a diploid culture to SPOR agar and then replica plating this culture, after a 3-day incubation, to the test medium on which only recombinants could grow. The mating type of isolated clones was determined by examining appropriate test crosses of the clone for the presence of zygotes 3 to 6 after mixing.
Mutagenesis and mutant isolation. An 18-h YEPD culture of strain X2180-1A grown at 30 C was washed once with distilled water and suspended at a cell density of 5 x 107 cells/ml in 0.1 M potassium phosphate at pH 7.0. To 1 ml of this suspension was added 25 ,l of ethyl methane sulfonate (Eastman). After 30 min at room temperature (23 C) with continuous agitation, the suspension was diluted 1:100 in 5% sodium thiosulfate and then 1:100 in distilled water.
The diluted suspension was spread on YEPD-GN, the plate was incubated at 30 C for 2 days, and the colonies were replica plated to YEPD. Colonies incapable of growth on YEPD at 30 C were picked from the master plate. About 50% of the cells survived the mutagenesis.
Spontaneous revertants were picked from a YEPD replica of the strain grown on YEPD-GN. Ultravioletinduced revertants were obtained by irradiating a YEPD-GN culture with a General Electric germicidal lamp to yield about 30% survival and were selected by replica plating the cultures to YEPD after overnight incubation.
Assessment of sporulation. Overnight cultures in liquid YEPD-GN were washed once with distilled water and suspended in 1% potassium acetate at a cell density of 5 x 107 cells/ml. The acetate cultures were shaken at room temperature and examined periodically during 7 days for ascus frequency, viable count, recombinant frequency, and frequency of haploid formation. The ascus frequency was determined by the microscopy count of all cells in a hemocytometer grid (cells, visible buds, and asci were counted as cells), followed by a count of the asci in the same grid. No distinction was made between two-, three-and four-spored asci. Ascus frequencies in the wild-type strains were based on the examination of 100 to 200 cells, whereas ascus frequencies in the mutant strains were based on the examination of more than 500 cells.
Spore frequencies were determined by treating the washed SPOR culture with glusulase (a 1:10 dilution of the commercial preparation) and examining the treated suspension for the presence of ascospores. Frequencies are expressed as spores per 1,000 cells, based on the examination of the debris from at least 2,000 cells. Viable counts were obtained from YEPD-GN agar plates; the viability did not decline in the strains during the 7-day incubation. Prototrophic recombinants were detected on YEPD or MIN, as appropriate, and recombinant frequency is expressed as recombinants per viable cell.
Assessment of haploid formation. Cells from diploid cultures previously incubated in SPOR medium for 7 days were spread on YEPD-GN to yield 100 to 200 colonies per plate. After a 2-to 3-day incubation, each plate was replica plated to a lawn of the his6 tester strain on YEPD-GN (a and a mating type on separate plates). After overnight incubation, the plates containing the testers and colony replicas were replica plated to MIN. The presence of cells capable of mating in the original colonies was revealed by growth on MIN in the area of contact of the colony and the tester. The plates were scored one day after replica plating to MIN for the presence of haploids in the colonies. Incubation for 2 to 4 days revealed the presence of a few nonhaploid cells capable of mating in colonies that were scored as negative the first day. For the determination of the genotype of the mater, the growth on MIN was streaked on MIN to obtain isolated colonies. These were sporulated and subjected to tetrad analysis.
Assay for L-glutamine:D-fructose 6-phosphate amidotransferase. Overnight cultures (17 h in experiment 1 and 24 h in experiment 2) of the diploids XW290 and XW285 in liquid YEPD (supplemented with D-glucosamine as appropriate) were centrifuged and washed with about 150 ml of distilled water. The cells were transferred to weighed centrifuge tubes, washed with 30 ml of distilled water, and weighed. Both strains yielded about 4.5 g of wet cells per 300-ml culture. Each batch of cells was suspended in 10 ml of buffer (0.15 M potassium phosphate plus 0.0025 M sodium ethylenediaminetetraacetic acid, pH 7.0) and passed twice through an Aminco French pressure cell at 20,000 lb/in2. The suspensions was then centrifuged at 20,000 x g for 20 min, the sediment was washed with 2 ml of buffer, and the material extracted from the sediment was pooled with the supernatant fraction. Four volumes of Na2SO4 (saturated at 23 C) was added slowly and with constant gentle agitation to an aliquot of the supernatant that had been warmed to about 23 C. Insoluble material appeared immediately and was removed by centrifugation at 20,000 x g for 20 rived from all pairwise combinations, is shown in Fig. 1 . The 23 mutants constitute a set of alleles of one gene. We designate the wild-type allele GCNI and the mutant alleles gcnl-l through gcnl-24. For convenience, a strain is assigned an allele number ( Fig. 1 ) identical to its isolation number (Table 1) . Mutant 6 (allele gcnl-6) is iot included betause the heterdzygous diploid had a low spore viability. Compleinmenting diploids containing gcnl-13 gave coi-i fluent growth one day after replica platihig to YEPD, the behavior observed for Wild-type strains, whereas complementing diploids colitaining gcnl-22 grew more slowly but gave confluent growth 2 days after replica plating.
As an additional test of allelism, the diploid from the cross of gcnl-l with gcnl-13 was analyzed. Reciprocal recombination was not observed in any of the 45 asci analyzed. Three asci contained a single prototrophic spore; the genotypes of the other spores in these asci indicated that the prototrophic spores arose by the gene conversion of gcnl-1.
We have not located GCN1 in the genome. The data summarized in Table 2 establish that this gene is not centromere linked or linked to the other loci specified.
Reversion and suppression. Spontaneous revertants capable of growth on YEPD were isolated from the class B mutants. Tetrad analysis of the cross of revertant with wild type revealed that the D-glucosamine requirement of class B mutants was suppressible. Mutation in a gene other than GCN1 accounted for the reversion of seven strains tested ( Table 3 ). The suppressor sup(gcnl)1, first recognized by its suppression of gcnl-ll, suppressed the expression of all of the class B alleles but had no effect on the expression of the class A alleles (Table 3) (A) 13, 22 We tested the possibility that this suppressor of class B alleles was a nonsense suppressor (9, 10, 16) . The suppressor had no effect on the expression of the known nonsense alleles leu2-1, his4-4, trpl-1. As a further test, we obtained a strain bearing a nonsense suppressor by isolating a derivative that no longer required leucine or histidine from a strain beating ochre mutations leu2-1 and his4-4 and the amber mutation trpl-1. The nonsense suppressor in the derivative, shown to be ochre specific in a separate cross to wild type, had no effect on the phenotype of the class B alleles. Thus, the mutant alleles of GCN1, which retain ability to grow on one of the media used, are suppressible by a suppressor digtinct from the classical nonsense suppressors. The When strain XW290 was grown without the added D-glucosamine, amidotransferase activity was present in the crude supernatant extract derived from the broken cells but was absent from the 20,000 x g sediment. The addition of four volumes of saturated Na2SO, to 20,000 x g supernatant extract precipitated the enzyme. Recovery of activity was 95% (Table 4) . When strain XW290 was grown in the presence of D-glucosamine, amidotransferase activity was difficult to measure in the crude supernatant fraction because this fraction contained material that was indistinguishable from D-glucosamine 6-phosphate in the colorimetric assay. However, treatment of the crude supernatant fraction with saturated Na2SO, (4 volumes) and dissolution of the precipitate in fresh buffer yielded the active enzyme with a low background of interfering material. The activity recovered per cell and the specific activity of the Na2SO,-precipitated material were independent of the presence of D-glucosamine in the growth medium.
Amidotransferase activity was not detected in extracts of the mutant diploid XW285 (Fig. 2,   Table 4 ), including the Na,SO, precipitate and the sediment derived from the broken cells. The minimum detectable D-glucosamine level (0.04 ,smol) was about 6% of the amount formed by the wild-type strain.
Sporulation. The diploid, class A D-glucosamine auxotrophs reveal a marked deficiency in sporulation ability, whereas the class B mutants gave a range of ascus frequencies ( Table 5 ). The wild-type ascus frequencies varied from 0.16 to 0.55, presumably as a result of differences in the conditions of presporulation growth (5, 25 The mutant diploids formed haploid cells on sporulation medium at a frequency comparable to that in the wild-type strain (Table 6) . However, the visible ascus frequencies were quite different. The few asci observed in the mutant strains were atypical and are discussed below. The validity of the test for meiosis is established by the finding that all of the 59 maters analyzed, 44 in Table 7 and 15 in Table 8 , and ADEI or ADE2 in the parent diploid were present in the colony. Thus, the colonies could not have arisen from a cell with a single haploid nucleus. We cannot say when the mating occurred that resulted in the formation of diploids but only that meiosis produced cells with at least two haploid nuclei (three examples) or at least three haploid nuclei (one example). Mating by nuclear fusion within the cell remains an untested possibility, whereas mating among haploid cells during growth of the colony is highly likely.
Meiotic recombination. The data of Tables 7 and 8 indicate that the mutants are capable of meiotic recombination. Parental and nonparental combinations of the gene pairs tested (mt-lys2; mt-gcnl; mt-adel; Iys2-ade2; gcnladel) occur in equal frequency among the haploid products. This is expected from the known nonlinkage of these gene pairs. Data establishing free recombination within these gene pairs are given in Table 2 and in the literature (20) . Meiotic intragenic recombination was observed in diploids representing the three heteroallelic combinations of the alleles 1, 5, and 9. The time course of the appearance of prototrophs during incubation in sporulation medium (Fig. 3) shows the sharp increase that is characteristic of meiotic recombination (28) . Intragenic recombination occurs with a frequency related to the distance between the heteroalleles, and the prototroph frequencies (minus the mitotic background) locate the three alleles in the order gcnl-1, gcnl -5, gcnl -9. The general time course of recombination in the mutants is similar to the time course of recombination at LYS2 in the sporulation-competent strain. No increase in the prototroph frequency was observed for the diploids homoallelic for alleles 1, 5, and 9.
Cells that acquire the wild-type allele GCN1 during meiosis can complete sporulation. Asci were isolated from the heteroallelic diploids (at 115 h) after the treatment of the sporulation cultures with glusulase. Of nine asci found, each contained one wild-type spore, and the genotypes of the spores of the seven complete asci established that the wild-type spores had arisen by gene conversion (Table 9 ). To test whether the phenotype of the supposedly wild-type spore in each ascus reflected the presence of wild-type allele of GCN1, it was crossed to a wild-type tester. Tetrad analysis failed to reveal the presence of a mutant allele of GCN1 or suppressor or modifier mutations. (22) .
The fine structure of the ascospore wall was examined by electron microscopy of cultures incubated in sporulation medium for 114 h. The spores of wild-type strain XW 290, observed with or without poststaining, are delimited by a wall composed of two layers, a thick inner electron-transparent layer and an outer electron-dense layer. In contrast, the spores of mutant strain XW285 lack the outer electrondense layer and the walls are grossly deformed (Fig. 5 ). Previous workers (11) (27) , but is has not been demonstrated that mannan performs an indispensable function. Yet, the widespread occurrence of mannan in yeasts (1) suggests that this polysaccharide protein may be essential.
Our study indicates that D-glucosamine is synthesized by one enzyme in S. cerevisiae, namely L-glutamine: D-fructose 6-phosphate amidotransferase (EC 2.6.1.16). The genetic characterization of GCN1 suggests that it is the structural gene of the amidotransferase, and the occurrence of media-conditional mutants and allelic complementation suggests that the amidotransferase is a multimer subject to metabolic control. D-Glucosamine 6-phosphate is synthesized by this same pathway in Neurospora crassa, bacteria and mammals (8, 13, 14) . The amidotransferase that catalyzes this reaction is subject to feedback inhibition by uridine diphosphate N-acetyl-D-glucosamine in mammals but not in bacteria (13) . An enzyme that catalyzes the deamination of D-glucosamine 6-phosphate, with production of ammonia and D-fructose 6-phosphate, is present in bacteria, the housefly, and mammals (21) . This Dglucosamine 6-phosphate isomerase (EC 5.3.1.10) is responsible for D-glucosamine synthesis in the housefly (2) . Sporulation in S. cerevisiae is a complex and (26) and at least three other loci with functions specific for meiosis (24) . Esposito et al. (7) found that most sporulation-defective mutants initiate but do not complete meiosis, and they estimated that 0.5% of all genes in S. cerevisiae perform functions unique to meiosis. Simchen (29) has found that cdc mutants defective in mitotic DNA synthesis and nuclear division functions are also defective in meiosis. Thus, the process of meiosis requires unique functions, in addition to those functions required for mitosis.
The morphology of sporulating cells has been described (17) (18) (19) (18) .
Our studies on the D-glucosamine auxotrophs indicate that an exogenous supply of this compound is not required for meiosis, nuclear budding, or the formation of the principal layer of the ascospore wall, although it is possible that D-glucosamine remaining from presporulation growth may satisfy the requirements for early steps in sporulation. In our experiments, the cells were washed once with water before introduction into sporulation medium, and no attempt was made to deplete the intracellular D-glucosamine pool. However, under these conditions meiosis and nuclear budding proceed normally, but deformed ascospore walls are formed that lack a dark-staining surface layer characteristic of the wild-type spore. Thus, D-glucosamine appears to be required specifically for the formation of an outer layer of the ascospore wall, the presence of which probably accounts for the resistance of the normal ascospore to digestion by glusulase. Isolated spores have a notable tendency to adhere to each other, and the apparent hydrophobicity of spores has been attributed to some differences in surface structure from vegetative cells (23) .
Such properties might be conferred by a glucosamine-containing glycolipid. (5) suggests that the enzymes required for ascospore wall synthesis are formed late in sporulation. The enzyme L-glutamine:D-fructose 6-phosphate amidotransferase may be one of these, and it may prove a useful marker for the end of meiosis and the onset of ascospore development.
